The effect of indium sulfide buffer layer's geometrical and electro-optical properties on the Copper-Indium-Gallium-diSelenide solar cell performance using numerical simulation is investigated. The numerical simulation software used is a solar cell capacitance simulator in (SCAPS). The innermost impacts of buffer layer thickness, band gap, and doping density on the cells output parameters such as open circuit voltage, short circuit current density, fill factor, and the efficiency were extensively simulated. The results show that the cell efficiency, which was innovatively illustrated as a two-dimensional contour plot function, depends on the buffer layer electron affinity and doping density by keeping all the other parameters at a steady state. The analysis, which was made from this numerical simulation, has revealed that the optimum electron affinity is to be 4.25 ± 0.2 eV and donor density of the buffer layer is over 1 Â 10 17 cm À3 . It is also shown that the cell with an optimum thin buffer layer has higher performance and efficiency due to the lower optical absorption of the buffer layer.
INTRODUCTION
The interest in the Copper-Indium-GalliumDiselenide (CIGS) thin-film solar cell has been increased significantly due to its promising characteristics for high performance and low cost. Up to this time, the highest-reported efficiency for a laboratory scale CIGS solar cell with the cadmium sulfide (CdS) buffer layer on the rigid glass substrate is 22.3% that was recently reported by Solar Frontier. 1 The most efficient CIGS/CdS thin film solar cell with a flexible polymer substrate was fabricated and reported by the Swiss Federal Laboratories for Materials Science and Technology (Empa) team, which has achieved 20.4% efficiency. 2 The efficiency improvement from 20.4% to over 22% just took place in a few months and during this time the efficiency record was broken a few times by different research groups (Stuttgarts Centre for Solar Energy and Hydrogen Research (ZSW) with 20.8%, 3 Solar Frontier with 20.9%, 4 Solibro with 21.0%, 5 and ZSW with 21.7% 6 ). All these efficiency records were obtained from CIGS solar cells with the CdS buffer layer. Despite the high efficiency level of the CIGS/CdS buffer layers the development of Cd-free buffer layers is one of the main objectives in the field of CIGS thin film solar cells. This is mainly because of CdS toxicity 7 and its incompatibility with in-line vacuum-based production methods. 8 One of the most promising alternative materials used as the buffer layer in CIGS-based solar cells is indium sulfide (In 2 S 3 ). The main feature of In 2 S 3 is its higher band gap as compared to CdS. 9 The band gap of In 2 S 3 is in the range of 2 eV to 2.9 eV. The variation of the band gap can be caused by deposition temperature, substrate temperature, and oxygen content in deposited film.
Until now, the highest-reported efficiency of a CIGS cell with indium sulfide has been 17.1% that was achieved from a small area cell (0.5 cm 2 ) with an iZnO/ZnO:Al window layer on a flexible substrate. 17 Before this, for a long time the efficiency record of a CIGS/In 2 S 3 cell belonged to a 0.1 cm 2 area cell with 16.4% efficiency that is still the highest record for a CIGS/In 2 S 3 cell on a rigid glass substrate. 18 Although this level of efficiency is satisfying for a typical CIGS solar cell, there are still some optimizations on an In 2 S 3 buffer layer that are crucial for investigation of further improvement of the Cdfree CIGS solar cell and to reach efficiency levels comparable with CIGS/CdS solar cells. For that reason, this study aimed to examine the effect of In 2 S 3 buffer layer's thickness variation, donor density variation, band gap, and its corresponding electron affinity variation on the cell performance. These variables has been examined to find and propose the optimum range of the In 2 S 3 buffer layer thickness, electron affinity, and doping density in the CIGS thin film solar cell. Notice that there are some other effective parameters in the absorber and transparent conductive oxide (TCO) layer, which can affect the cell performance, but those are still under study and will not be discussed here.
MATERIALS AND METHODS

SCAPS Numerical Simulation Program
Multiple measurements on cell's output parameters were done through SCAPS while the buffer layer properties such as its thickness and electron affinity were varied in a certain range. Solar cell capacitance simulator (SCAPS) software (version 3.2.00) was designed and introduced by the University of Gent. 19, 20 It is generally developed for polycrystalline thin-film devices and especially for CdTe and CIGS solar cells. SCAPS simulation software uses the Schottky-Motts rule for a metalsemiconductor and Anderson's rule for semiconductor-semiconductor junctions. This is a common approach that all solar cells simulation software such as analysis of microelectronic and photonic structures (AMPS), advanced semiconductor analysis (ASA), personal computer one-dimensional (PC1D) use for band alignment. The only problem with the Anderson and SchottkyMotts' model is that they fail to describe the electrical interface layers, especially between absorber and buffer layers and the inverted surface layer of the absorber material. One idea to solve this problem is introducing an independent intermediate layer between absorber and buffer layer. Among the abovementioned thin film solar cells simulation software, SCAPS is able to introduce interface states and also has the largest number of electrical measurements. 21 It can simulate the open circuit voltage, short circuit current density, output J-V characteristics, fill factor, quantum efficiency, the cell's output efficiency, generation and recombination profiles, band alignment, etc. All measurements can be done under dark and light conditions and under different temperatures. SCAPS needs an initial prediction of the calculations in sequence to get the overall answer for the simulation. For numerical calculations in substeps, SCAPS uses the Gummel type iteration scheme for convergence with the Newton-Raphson algorithm. SCAPS simulation results are much closer to the existing experimental results. 22 That is why this software is used in the present study. The cell structure and material properties used in this study are shown and described in the next section.
Cell Structure and Materials Properties
The cell structure simulated is CIGS/In 2 S 3 /i-ZnO/ ZnO:Al. The TCO window layer that is used in this simulation is a bilayer conductive oxide made by an intrinsic ZnO and aluminum doped zinc oxide (ZnO:Al) deposited on the top of indium sulfide as a buffer layer. The absorber layer is the CIGS that is a compound and direct band gap semiconductor material, while the material for the back contact is molybdenum (Mo). Figure 1 shows the structure of a CIGS solar cell. Each layer has its own special electrical and optical properties, which should be specified inside the SCAPS software as inputs before executing. The electro-optical properties of materials used for the specific layers are extracted from known and reliable numerical models and experimental studies. [23] [24] [25] [26] All the material properties for the absorber and TCO layer are kept constant during the simulation. As mentioned, the In 2 S 3 buffer layer energy band gap can vary within the range of 2.1 eV to 2.9 eV due to the process temperature and the oxygen content in the respective deposited film. As noted, the variation of the band gap (E g ) is related to changes in absorption coefficient (a) and is associated with the variation of electron affinity (v e ). 27 The variation of buffer layer electron affinity (v e ) will have an impact on the band alignment and shape of the buffer/absorber interface's band discontinuity; therefore, it will be very important to select an optimized value for the v e . There are a few studies in the literature which have proposed the In 2 S 3 electron affinity of 4.65 eV, but that was not as a range. The electron affinity and the corresponding energy band gap of In 2 S 3 that is shown in Table I are extracted from several valid sources. [28] [29] [30] [31] The estimated functional relation between the energy band gap electron affinity of In 2 S 3 is an extraction based on available data and is shown by Eq. 1.
The other important parameter that can affect the cell output performance is the buffer layer's donor density (N d ). In this simulation the In 2 S 3 electron affinity was varied in the range of 4.65 eV to 3.85 eV, and the buffer layer's donor density was varied in the range of 1 Â 10 16 cm À3 and 5 Â 10 18 cm À3 . The buffer layer's thickness were changed within the range of 0.03-1 lm while the absorber layer thickness was set to 2 lm (corresponding to the optimum absorber layer thickness [32] [33] [34] ). The absorber layer's band gap was set to 1.2 eV corresponding to the band gap of CIGS, which records the highest conversion efficiency. The acceptor density of the absorber layer also was set to 1 Â 10 16 cm À3 . Table II shows the material properties, which are used for the absorber (CIGS) layer and the buffer (In 2 S 3 ) layer.
RESULTS AND DISCUSSION
The Effect of a Buffer Layer's Electron Affinity and Donor Density on Cell Performance Figure 2 distinctively depicts a contour plot of cell efficiency as a function of two important variables; a buffer layer's electron affinity and donor density. As illustrated, if having a buffer layer with the v e < 4.2 eV, the optimum range of donor density in the buffer layer is above 1 Â 10 þ18 cm À3 . Though, generally the cells with a buffer layer's electron affinity of 4.2 eV < v e < 4.6 eV will show a higher level of efficiency. The highest efficiency obtained at the electron affinity of 4.25 eV corresponds to the zero conduction band offset at the absorber/buffer interface. This result can show the effect of a conduction band offset (CBO) on the cell performance. Although it is known that the higher band gap of the buffer layer leads to better spectrum response of the cell at the short wavelengths, the effect of electron affinities on the CBO needs to be considered. This has explained that the buffer and absorber layers electron affinity matching is important to avoid large barriers at the buffer/absorber interface conduction band.
Cell efficiency variation due to increase of buffer layer's donor density represents that when the electron affinity is set at the optimum value, lower doping density is required to reach the higher level of efficiency. As shown in Fig. 2 , the cell with optimum electron affinity has the optimum doping density for the buffer layer of 1 Â 10 17 cm À3 . However, at other values of buffer layer electron affinity, the level doping density of 1 Â 10 18 cm À3 is recommended. This recommendation will definitely lead to enhancement of conduction band discontinuity and, consequently, the cell's fill factor. Equation 2 represents the conduction band offset as a function of absorber and buffer electron affinity.
Here, the electron affinity of CIGS at the optimum band gap is 4.25 eV. According to Eq. 2, the buffer layer electron affinity of more than 4.25 eV will form a cliff-like discontinuity in conduction band (DE c < 0). Conversely, the ''v e buffer '' of less than 4.25 eV will form a spike-like discontinuity in the conduction band (DE c > 0). A positive CBO (spike) inhibits the flow of photo-generated carriers from the absorber to the buffer. A large spike can make a large barrier for carriers and, consequently, reduce the J sc , but a small spike does not act as a barrier. This confirms the simulation results, shown in Fig. 2 , that at a buffer layer's electron affinity in the range of 4.05 eV to 4.25 eV with a small spike offset, the efficiency levels of above 16% still are reachable. Simulation results show the short circuit current density of 26.2 mA/cm 2 and 26.13 mA/cm 2 ; respectively, at zero and +0.2 eV CBO.
The Effect of a Buffer Layer's Thickness on Cell Performance
The simulation was continued when the thickness of the absorber layer is set to 2 lm and the thickness of the In 2 S 3 buffer layer was changed from 30 nm to 1 lm. As can be seen in Fig. 3 , the increase of the buffer layer thickness causes reduction in V oc , J sc and the fill factor (FF%), but it is not significant for V oc and FF%. The open circuit voltage can be considered approximately constant when the buffer layer's thickness increases. In cells with a thicker buffer layer, a larger distribution of incoming photons will be absorbed in the buffer layer and Numerical Analysis of In 2 S 3 Layer Thickness, Band Gap and Doping Density for Effective Performance of CIGS Solar Cell Using SCAPS noticeably fewer photons can reach the absorber layer. This phenomenon explains the meaningful dependence of J sc to the buffer layer's thickness. Thus, since more photons are being absorbed within the buffer layer especially those with the wavelength around the In 2 S 3 absorption edge (350-600 nm), fewer photons can contribute to the quantum efficiency and, consequently, the recombination at the buffer layer increases. Figure 4 shows the cumulative recombination current density for cells with different buffer layer thickness. As can be seen, the recombination increases at the buffer layer due to increase of its thickness. Figure 5 shows the destructive effect of buffer layer's thickness increase on the quantum efficiency of the cell. Therefore, it is obvious that the resultant cell efficiency has a downward trend as the buffer layer's thickness increases. However, thicknesses less than 40 nm may inescapably cause pinholes in the buffer layer due to fabrication techniques and instrumental limitation. Those pinholes will give rise of power losses on cell performance by causing shunts. [35] [36] [37] The simulation of the In 2 S 3 buffer layer's thickness variation effect was repeated at different buffer layer band gap values in order to find out whether the cell shows the same behavior in response to the buffer layer's thickness variation at different In 2 S 3 band gaps. The results are shown in Fig. 6 in the form of a color map that illustrates the cell's efficiency as the function of the buffer layer's energy band gap and thickness. Therefore, it is obvious that the cell efficiency has a downward trend, while the buffer layer's thickness is increasing regardless of the buffer layer's band gap value. Fig. 2 . Contour plot of cell efficiency variation versus buffer band gap and donor density while the buffer layer thickness was set at 30 nm. 
CONCLUSION
The cell performance is analyzed and simulated by the functions of buffer layer electron affinity, donor density, and thickness. The results obtained with SCAPS show that the cell with a thinner In 2 S 3 buffer layer will represent higher performance and efficiency. The thickness of the buffer layer less than 0.1 lm is proposed as the optimum range. The cell efficiency described as the function of buffer layer electron affinity and doping density in a contour plot prior to numerical analysis and investigation of the cell performance is the novelty of this work. According to it, the optimum electron affinity and donor density of buffer layer are found to be 4.25 ± 0.2 eV and over 1 Â 10 17 cm À3 ; respectively. These optimization results will be an advantage to be considered in fabrication of the CIGS solar cell with the In 2 S 3 buffer layer. As shown, the efficiency range for an In 2 S 3 / CIGS solar cell is in the range of 16-17.1%, and it has the great potential of reaching higher efficiency levels by further efforts on interface engineering, and absorber and buffer materials' grain size control as is ongoing by different research groups. 38, 39 
